Recently, it has been discovered that isoforms of intracellular chloride channels (CLIC) are present in cardiac mitochondria. By reconstituting rat cardiac mitochondrial chloride channels into bilayer lipid membranes, we detected three equally separated subconductance states with conductance increment of 45 pS and < 2% occupancy. The observed rare events of channel decomposition into substates, accompanied by disrupted gating, provide an insight into channel quaternary structure. Our findings suggest that the observed channels work as four functionally coupled subunits with synchronized gating. We discuss the putative connection of channel activity from native mitochondria with the recombinant CLIC channels. However, conclusive evidence is needed to prove this connection.
The presence of ion channels permeable for chloride in the inner mitochondrial membrane was first demonstrated in 1987 by Sorgato et al. [1] . Since then, several similar but not identical chloride channel activities were described in mitochondria derived from different cells [2] [3] [4] , carrying out many roles within the cell (reviewed in [5] ). Concerning the cardiac mitochondrial chloride channels, they have been shown to participate in the processes of reactive oxygen species (ROS)-induced release of ROS from mitochondrial matrix or mitochondrial membrane potential oscillations under oxidative and metabolic stress [6, 7] . However, the molecular identity of these channels remained elusive for many years. Finally in 2016, the group of Singh succeeded in identification of cardiac mitochondrial chloride channels at molecular level [8] . They demonstrated the presence of some isoforms of chloride intracellular channel (CLIC) proteins in rat heart. The CLIC family has so far 10 isoforms (of which six are mammalian) with a broad range of tissue distribution and subcellular localization (reviewed in [9] ). CLIC proteins form slightly anion-selective channels with subconductance states and varying values of singlechannel conductance between independent studies [9] [10] [11] . The first CLIC proteins were purified and described by its ability to bind indanyloxyacetic acid (IAA-94) [12] , an inhibitor of chloride channels [13] [14] [15] . In our previous works, we described basic biophysical properties of chloride channels present in purified rat cardiac mitochondrial membranes, that are IAA-94- [16] and 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS)-sensitive [17] . We observed that these channels occasionally reside in states with lower conductance than is the maximal conductance of the main state. In the present study, we focused on the subconductance states (or simply substates) in detail. We tested different KCl gradients in order to find the best signal-to-noise ratio (SNR) and at the same time Abbreviations BLM, bilayer lipid membrane; CLIC, isoforms of intracellular chloride channel; DIDS, 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid; DTNB, 5, 5 0 -dithiobis-2-nitrobenzoic acid; DTT, dithiothreitol; IAA, indanyloxyacetic acid; ROS, reactive oxygen species; SNR, signal-to-noise ratio.
appropriate activity, conditions under which the substates can be well-discerned. To measure the parameters of these states, we used mean-variance analysis described by Patlak [18] . Software for the analysis was prepared in Matlab. The results indicate that the mitochondrial chloride channels might be formed by four functionally coupled conducting units. We discuss the possible connection of the measured channel activity with CLIC proteins detected by the group of Singh in mitochondrial membranes [8] .
Materials and methods

Chemicals
Lipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA). All chemicals were purchased from SigmaAldrich Chemie GmbH (Steinheim, Germany).
Isolation of mitochondrial membrane vesicles
Mitochondria from the hearts of male Wistar rats were isolated as described in details in our previous study [16] . All procedures were approved by the State Veterinary and Nutritive Administration of Slovak Republic. In brief, the hearts were excised after thoracotomy. The ventricles were separated and homogenized. The homogenized tissue suspension was processed in several steps of differential centrifugation and Percoll density gradient purification until the final membrane fraction was obtained. The membrane fraction was exposed to sonication at 35 kHz. The purity of this fraction was controlled as described in [16] . The final membrane fraction consisted mostly of outer and inner mitochondrial membranes. The membrane fraction was aliquoted and stored at À80°C until use. All procedures were performed at 4°C, and isolation buffers contained a mixture of protease inhibitors.
Bilayer lipid membrane (BLM) measurement and analysis
The native vesicles were fused into bilayer lipid membrane (BLM) formed across an aperture (diameter~0.1 mm) separating the cis and trans chamber. CLAMPFIT software (pClamp 9, Axon Instrument, Union City, CA, USA). The cis side was grounded; under these experimental conditions, the positive current amplitude that increased upon the application of positive voltages corresponds to a flux of chloride anions from the cis to the trans side. All procedures were carried out at room temperature (22 AE 1°C). The data are presented as either mean AE standard error of the mean (conductance, reversal potential, gating frequency) or median and interquartile range: lower quartile -Q1 and upper quartile -Q3 (open probability, dwell times, occupancy). Mean-variance analysis of the current traces was done according to Patlak [18] and the corresponding software was prepared in Matlab (R2015a, https://www.ma thworks.com; The MathWorks, Inc., Natick, MA, USA).
Results
Optimization of conditions
The signal-to-noise ratio (SNR) at the concentration gradient we used for single-channel experiments in our previous works (250 mM/50 mM KCl) [16, 19] was too low to determine correct current levels of each subconductance state (substate). SNR is determined as the amplitude of the signal (amplitude of the open channel current) divided by the standard deviation of the baseline noise [20] . In these ionic conditions, SNR for maximal current amplitude was~6, for the smallest substate was SNR < 2. Therefore, we raised the concentration of KCl in cis compartment from 250 mM up to 2 M in order to achieve better resolution of the substates. We chose 1 M/50 mM KCl gradient from the tested gradients, where the value of SNR was sufficiently high (for the lowest substate~5 and 16 for the maximal current amplitude). The open probability P o of the channels is higher in 1 M KCl (median P o = 0.833 (0.738-0.890), N = 15) than in 250 mM KCl [16] . The chance of observing more transitions into substates was higher with higher singlechannel activity.
Identification of substates
The number of substates was obtained from singlechannel current traces measured at 0 mV holding potential. The channels dwelled in the substates usually for a short time (from units to tens of milliseconds). Fig. 1 shows representative current traces with transitions into substates. The amplitude of the substates was determined from amplitude histograms in Clampfit (Fig. 1, right panel) . These were produced from short intervals of current traces, with typical length 200 ms. Longer intervals were not used because the peak corresponding to the substate level could not be well-discerned and fitted by Gaussian function. All analyzed intervals contained baseline, maximal current level and substate level or levels. The amplitude of the substate levels was expressed as relative to the maximal current amplitude I max (fully open state, S max ). The spread plot cumulating the relative amplitudes of substate levels from N = 15 channel recordings ( Fig. 2A) clearly shows three groups between closed state (C, 0%) and S max state (100%). The groups are separated at 40% and 60%, where is the minimum of points. The mean values of relative amplitudes within each group equal to 29% (S 1 ), 50% (S 2 ), and 74% (S 3 ) of I max .
Description of substates
The conductance of the main state and three substates was determined from N = 8 experiments. We plotted the current-voltage relationships in range between À 20 and + 40 mV for fully open state and each substate separately (Fig. 2B) . Conductance (G) and reversal potential (E rev ) were obtained from linear regression of each relationship. The selectivity of the chloride channels for chloride over potassium was expressed as the ratio of permeability coefficients P Cl / P K . This ratio was calculated from E rev as previously [16] . The mean values of G and P Cl /P K for different Red line indicates the closed state C, the channel opens upwards. The transitions occurred with low incidence. In majority, the channel visited the substate either from closed or from fully open state (S max ). The channels exhibited fast gating and many brief unresolved closings that do not reach the C level can be seen on the single channel recordings. The current amplitude of the substates was determined by fitting Gaussian function to the corresponding peak in amplitude histograms, generated from the short pieces of current trace (right panel). Within each recording, short intervals containing substate levels were analyzed by amplitude histograms. 0% represents closed state (C) and 100% represents the fully open main state (S max ). The spread plot shows three groups of points corresponding to three substates: S 1 (mean at 29%), S 2 (mean at 50%), and S 3 (mean at 74%) of the fully open state. (B) Representative current-voltage relationship for all conducting levels, obtained from one single channel recording: S max (green), S 3 (orange),S 2 (violet) and S 1 (blue). The conducting states were equally separated, with conductance increment 45 AE 2 pS and similar low selectivity for chloride ions.
substates and main state are summarized in Table 1 . There was no statistical difference between the values of P Cl /P K ratios for each substate, indicating that the substates share the same selectivity for chloride over potassium ions (P = 0.0653, one-way ANOVA).
Typically, the channels resided in stable substates for a short time, as is shown in Fig. 1 . Visual inspection of current traces revealed that the transitions to substate usually occurred from either closed or fully open state (Fig. 1) . The transitions between substates could also be occasionally seen, however, this was not a typical behavior (Fig. S1) . Moreover, the current records exhibited many unresolved closings from the S max state, i.e. events that were faster than sampling period T S , when it was not possible to differentiate whether the transitions ended in C state or in any of the substate levels. Occasionally, we observed a group of fast transitions between substate and closed state (in 7/23 channel recordings, Fig. S2 ). These periods, with mean duration 188 AE 57 ms (N = 7), were characterized by increased frequency of gating (533 AE 36 Hz, N = 7). Gating frequency was calculated as inverse value of time between two subsequent openings.
In order to detect the transitions between states, we generated pseudo-phase portraits of the raw data [21] . The current trace I(t) was normalized for extreme values -maximal (I max ) and minimal (I min ) value of current, and divided into N bin = 100 bins according to formula:
The events of current changes in time, I bin (t)? I bin (t + t lag ), were analyzed and their counts were collected in a matrix 100 9 100. The discrete value I bin (t) represents the row of the matrix and I bin (t + t lag ) is the column of the matrix; t lag is a fixed parameter with value selected from range between 5 and 100 ms. These data were visualized in a 3D semilogarithmic diagram with axes: index of the matrix row (x), index of the matrix column (y) and logarithm of counts (z). The transitions to substates occurred so infrequently that only transition between S max and C states were well defined on pseudo-phase portraits. However, in some cases the logarithmic scale enabled to visualize substates on diagonal line of the diagram (Fig. S3) .
Mean-variance analysis
We used the mean-variance analysis, developed by Patlak [18] to determine the occupancy of the substates as well as the estimate of dwell time constant for each substate. The principle of this analysis is that when a channel resides in a state (either conducting or closed), the variance of the signal is lower than when there are transitions between these states. The values of mean current and signal variance are calculated within a window of defined length W. Typical lengths we used for analysis are in interval from W = 5 to W = 500 samples. The window is moving throughout the whole recording and the values are summarized in a 3-dimensional histogram with axes: mean current (x), signal variance (y), volume under the peak surface (z) (Fig. 3) . In this histogram, we can observe low-variance peaks corresponding to each of the channel states (C, S 1 , S 2 , S 3 and S max ). If one determines the volume under the peak surface as a function of window length, then it is possible to estimate the dwell time constants for the defined channel state. The relationship has a quality of exponential decay, therefore we fitted the data by a single exponential function in form:
N vol (W) is the function that fits the values of volume under the peak surface at a given window length W, N 0 and t are parameters of the fit; t has the meaning of dwell time constant in units of 1 sampling period; used sampling period was T S = 0.25 ms. The parameter t, obtained from each nonlinear regression, was multiplied by T S to obtain dwell time constants in milliseconds. Shortly, the value of N vol (W = 1) reflects the total time the channel spends in the analyzed state (for details see [18] ). Thus, it is possible to determine the fraction of time the channel resides in the state i, i.e. its occupancy, according to:
Determined occupancy of the substates, closed and main states and the corresponding dwell time constants are summarized in Table 2 . The dwell time constants of S 1 , S 2 and S 3 states were comparable among themselves (P = 0.4889; Kruskal-Wallis test). The differences between occupancy of the three substates were not statistically significant (P = 0.7527; Kruskal-Wallis test). Figure 3 shows mean-variance histograms from 4 different single-channel recordings. The peaks in low variance region represent the individual states. The arc in higher variance region reflects the transitions between states. The channels in A and B were acquired at 4 kHz sampling frequency and filtered with 1 kHz low-pass filter, the channels in C and D were acquired at 20 kHz sampling rate and filtered with 5 kHz low-pass filter. We increased acquisition rate in order to achieve better resolution and to check whether the unresolved closings are transitions to C state or to substates (Fig. S4) . We expected that, if these brief closings were transitions to substates, the peak corresponding to substates on the mean-variance histogram would be more defined, i.e. the occupancy of the substates would be higher. The median occupancy of substates increased to 3%, but there was no statistical significance between the occupancy of channels acquired at different sampling frequency (P = 0.9398; Mann-Whitney test). Moreover, even at the fivefold sampling frequency, many events (closings) remained unresolved. To check the reliability of the calculated occupancy, we compared the occupancy of the S max state with the percentual open probability (100*P o ) calculated in Clampfit by half-amplitude analysis. Because the substate had low occupancy, we determined the open probability according to our usual approach, i.e. without consideration of substates: 100*P o = 82.6 (76.1-88.6), N = 11. The difference between 100*P o and occupancy of S max state was not statistically significant (Mann-Whitney test, P = 0.2144).
Decomposition into substates
We observed that, rarely, the channels decomposed into substates leading to a complete loss of activity. This phenomenon was present in different KCl gradients, ranging from 250/50 mM KCl to 2 M/50 mM KCl (in sum seven channels, see Fig. S5 ). We describe this phenomenon on a representative recording in 1 M/50 mM KCl gradient, presented in Fig. 4 . The channel was active in the membrane for 30 s, after 15 s it started to destabilize. The transitions between C and S max state ceased and the channel flickered between C and S 3 state. Later, transitions between C and the three substates appeared until suddenly all channel activity stopped. The transitions to lower than S max state were accompanied by increased gating frequency 565 AE 5 Hz (N = 3) in comparison to typically working channels that have gating frequency 280 AE 15 Hz (N = 14) . The increased gating frequency was characteristic for all observed decomposed channels in all used gradients. In Fig. 4 , the 5-s long intervals of current trace are accompanied by corresponding amplitude histogram and mean-variance histogram. From the mean-variance histograms we can see that up to t = 15 s, only C↔S max transitions occurred. Suddenly (since t = 15 s), the peak in the histogram shifted to lower current and higher variance, which reflects the increased gating. The channel flickered between C and S 3 states, the transition to S max disappeared. This trend continued within t = 20 and t = 25 s, where the peak is observed in the position of S 2 state and transitions C↔S 2 and S 2 ↔S 3 are visible on the mean-variance histogram. Details of the channel gating at different time are shown in Fig. 5 . 
Discussion
The presence of different subconductance states is a property exhibited by many types of ion channels [22] [23] [24] . The substates may provide an insight into the structure of the channel or to the process of permeation through the channel pore/pores [25] . We measured single-channel activity of rat cardiac mitochondrial chloride channels and observed three substates at 29%, 50%, and 74% levels besides the closed and the fully open state (Figs 1, 2) . The difference of conductance between neighboring states (C-S 1 ; S 1 -S 2 , S 2 -S 3 , S 3 -S max ) increased in regular steps, with average conductance increment being 45 AE 2 pS in 1 M KCl (N = 4). At the concentration we used in our experiments, the S max conductance is above half of the saturated conductance G max = 316 AE 15 pS, with K D = 499 AE 67 mM [16] . The K D values for saturation of conductance of individual substates were comparable to the one for the main state (data not shown). They share the same selectivity of chloride over potassium ions as the fully open state (Table 1) .
To quantify the occupancy and dwell time constants of the substates, we used the mean-variance analysis described by Patlak [18] . This method is suitable for analysis of channels exhibiting brief visits to subconductance levels. The signal-to-noise (SNR) dividing two neighboring substate levels was~5 in 1 M KCl, which did not allow the correct application of halfamplitude analysis without biasing the number and duration of events by noise. The half-amplitude generates an idealized trace of the channel current and further analyses are performed on the idealized trace (kinetics, channel activity). The advantage of meanvariance analysis is that it analyzes the original current recording. Thus, no information is lost as can happen when idealized trace is generated.
The mean-variance analysis yielded histograms that showed three substates along with the closed and fully open states (Fig. 3) . The occupancy of each substate determined from this analysis was < 2% (Table 2) . We compared the kinetic parameters, derived from the mean-variance analysis, with those obtained from halfamplitude analysis (analyzed for states C and S max , data not shown). Surprisingly, the dwell time constants were significantly higher from mean-variance analysis, so we were looking for the source of this mismatch. The closed state was well differentiated at low variance region. However, the gating of the channel between S max and C state was fast, with brief closings not reaching the C level (Figs 1, 5 upper trace) . Thus, only full closings contributed to the C state peak, while in the half-amplitude analysis, also unresolved closings are taken into account which lowers the dwell time constant. On the other hand, the peak of the of S max state was prolonged and merged with the arc of transition between S max and C states. Moreover, the position of the peak shifted toward higher variance with higher window width W (Fig. S4) . This happens when the points originating from the unresolved channel gating contributed to the peak. Thus, the volume under the peak surface at higher W was overrated, which resulted in an increased value of dwell time constant for the S max state. It turned out that the fast kinetics of ion channels is a limiting factor in application of mean-variance analysis on our data. Thus, we can conclude only that the three substates share similar dwell time constants. Nevertheless, similar occupancy and duration of substates indicates that the channel does not reside preferentially in any of the three substates. It implies that the substates are equal from the energetic point of view and the only difference for the channel is the amount of transported ions. The most energetically favorable state seems to be the S max state, where the channel remained most of the time.
Mitochondrial chloride channels from sheep heart, described by Hayman et al. [26, 27] , show similar substates at 25% and 50% level and rarely (with occupancy < 1%) at 75% level. The most frequent transitions in these channels were between substates and fully open state. The sheep mitochondrial chloride channels differ from the rat channels by smaller conductance (26 pS in 300/50 mM choline chloride vs. 114 AE 4 pS, N = 4, in 250/50 mM choline chloride, data not shown), stronger selectivity of chloride over potassium ions and lack of pH regulation [16] . This difference may be due to different isoforms of the same channel protein.
We observed the destabilization of the chloride channels in the artificial lipid membrane, which Figure 5 . The upper trace is from time t = 10 s, the bottom trace is from t = 27 s. There were no openings to the S max state when the channel was destabilized and the gating frequency increased.
resulted in the decomposition into substates and led to the loss of activity (Figs 4, 5; Fig. S5 ). The decomposition was connected with increased gating frequency, unresolved events and absence of S max level. Short periods of similar behavior was observed also in some, otherwise stable, channels. It is probably the manifestation of transient channel instability, not necessarily leading to the channel decomposition (Fig. S2) . We consistently obtained channels having four conducting levels equally separated, with slightly varying occupancy. Thus, we suggest that the channel is formed by four subunits that cooperate as one channel, with occasional visits to substates. As these visits occur rarely, there seems to be a strong cooperation between the subunits, similarly to coupled gating of cardiac ryanodine receptors [28, 29] . The strength of this cooperation is reflected also in the fact that C↔S max transitions are dominant ( Fig. 3; Fig. S3 ). We suggest that there is a synchronized gate, which can be formed by allosteric interaction of all four subunits, similarly to voltage-gated K v 2.1 channels [22] . In K v 2.1 channels, the visits to stable and well resolved subconductance states were infrequent and the substates did not significantly contribute to the amplitude histogram of the current trace. This channel is formed by four subunits forming one channel pore [30] and it is suggested that the same structure is responsible for both gating and permeation of the channel. There are other suggested mechanisms to interpret the presence of substates. In TRIC B potassium channels, the transitions between closed and fully open states occur always via subconductance state [31] and this observation is interpreted as incompletely synchronized movements of one or more subunits (or their regions). We did not observe this pattern, the dominant transition was directly between S max and C, in both directions. If the channel were systematically closing or opening by subsequent transitions between substates, we would be able observe corresponding peaks in pseudo-phase portraits and we would be probably able to detect these transitions also on current traces recorded at high acquisition rate. CLC chloride channel family is characterized by double-barrelled' structure [32] . The channel is formed by two independent pores, each having its own (fast) gate [33] . However, this mechanism is unlikely to be present in the mitochondrial chloride channels, because the character of the gating differs -CLC channel recordings have two conducting levels like two independent channels, but the common slow gate causes closing of both pores simultaneously.
Singh and his group suggested that the chloride channels we detected in purified rat mitochondrial membranes might be identical to CLIC5 channels [8] .
This suggestion was based on subcellular localization, the value of conductance, weak anion selectivity and inhibition by IAA-94 that we reported in our previous work [16] . The CLIC channels were reported to be redox-sensitive [10, 34] . We therefore measured the activity to the channels in presence of reducing [up to 1 mM dithiothreitol (DTT)] and oxidizing [0.25 mM 5,5 0 -dithiobis-2-nitrobenzoic acid (DTNB)] agents. The activity and behavior of the channels were unchanged in presence of DTT. On the other hand, presence of DTNB decreased the channel current amplitude to level of S 1 substate before complete inhibition (Figs S7 and S8), which occurred with substantial delay (~minutes). Thus, it seems that the channels are incorporated in the membrane in reduced state and that the dissolved aerial oxygen is not sufficient to oxidize the protein. The reduced state of the channel protein might originate from their natural state in cellular environment, where high abundance of reduced glutathione prevents the proteins from oxidative modification. The reactions of the mitochondrial chloride channels to redox agents was in agreement with those of the CLIC channels [34] . The gene for CLIC proteins encodes only one transmembrane domain [35, 36] . Generally, a single transmembrane domain cannot by itself form a conductive pore. Therefore, it is suggested that four molecules are required to form one functional conducting unit (protomer) in the membrane [9] . The subconductance states were observed in different CLIC isoforms: in CLIC1 isoform, two substates with conductance equal to 22% and 45% of main conductance were described, occurring with low frequency [37] . In CLIC4 isoform, 25% substate [34] as well as 54% substate [38] was observed. The CLIC5 isoform exhibited several substate levels [10] . It was suggested that each substate corresponds to one conducting unit, thus a channel having three substates and one fully open state would be formed by four conducting units, i.e. 16 molecules of CLIC [9] . By extrapolating this concept on the process of chloride channel decomposition, we may hypothesize that the measured channels are formed by four functionallycoupled conducting units. The described observations are well in line with this interpretation, nevertheless, it remains at the level of speculation.
Based on our results and on the available literature, we suggest that the described rat cardiac mitochondrial chloride channels might be formed by different isoforms of the same protein as seen for the sheep cardiac chloride channels. The similarity with CLIC proteins that have been localized in cardiac mitochondria indicates that the measured channels might be native CLIC channels. Of course, further verification and conclusive evidence are needed to support this hypothesis. 24 
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